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ARTICLE HIGHLIGHTS

• Alternative glycemic markers are needed as HbA1c is less reliable in end-stage kidney disease. Few studies
have evaluated accuracy of continuous glucose monitor (CGM) sensors in peritoneal dialysis, which are increas-
ing in popularity.

• Thirty patients with type 2 diabetes on continuous ambulatory peritoneal dialysis wore a Medtronic Guardian Sensor 3.
CGM readings were compared against Yellow Springs Instrument venous glucose during an 8-h in-clinic session.

• The mean absolute relative difference was 10.4% from 941 matched pairs, and 99.9% of the readings were
within clinically acceptable consensus error grid zones A and B.

• We showed satisfactory performance of a real-time CGM sensor, supporting future use in peritoneal dialysis
populations.
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OBJECTIVE

To evaluate the performance of a real-time continuous glucose monitor (CGM) in
individuals with diabetes on peritoneal dialysis (PD).

RESEARCH DESIGN AND METHODS

Thirty participants with type 2 diabetes on continuous ambulatory PD wore a
Guardian Sensor 3 on the upper arm paired with Guardian Connect for 14 days.
We compared CGM readings against Yellow Springs Instrument (YSI) venous glu-
cose during an 8-h in-clinic session with glucose challenge.

RESULTS

The mean absolute relative difference (MARD) was 10.4% (95% CI 9.6, 11.7) from
941 CGM-YSI matched pairs; 81.3% of readings were within %15/15 of YSI values
in the full glycemic range. Consensus error grid analysis showed 99.9% of sensor
values in zones A and B. There were no correlations between pH, uremia, hydra-
tion status, and MARD.

CONCLUSIONS

We showed satisfactory performance of a real-time CGM sensor in PD patients
with diabetes, supporting future use to facilitate treatment decisions.

Diabetic kidney disease is the leading cause of end-stage kidney disease (ESKD)
worldwide (1). Given the growing demand for renal placement therapy, peritoneal di-
alysis (PD) is increasingly favored as a home-based and cost-effective option rather
than hemodialysis (HD) (2). Peritoneal glucose exposure, especially hypertonic glu-
cose solutions, induce greater interstitial glucose surge and glycemic variability (3).
The accuracy of traditional glycemic markers (e.g., glycated hemoglobin [HbA1c]) is af-
fected by use of iron and erythropoietin-stimulating agents (4). The latest Kidney Dis-
ease Improving Global Outcomes (KDIGO) guideline advocates the use of periodic
continuous glucose monitoring (CGM) alongside HbA1c in stage 4 to 5 chronic kidney
disease (5). Recently published studies focused on the evaluation of accuracy of CGM
in HD patients (6–8). However, few studies have been conducted in PD patients
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(9,10), mostly using self-monitoring of
blood glucose (SMBG) as the comparator
within a limited glycemic range.

In this study, we evaluated the perfor-
mance of the real-time fourth-generation
Medtronic Guardian Sensor 3 CGM against
a laboratory gold standard reference (Yel-
low Spring Instrument [YSI] glucose ana-
lyzer) in patients undergoing continuous
ambulatory PD (CAPD). We additionally
explored renal-specific factors that might
influence its accuracy, including uremia, ac-
idosis, and fluid status.

RESEARCH DESIGN AND METHODS

This was a single-center, prospective,
open-label study of Guardian Connect with
Guardian Sensor 3 in 30 participants with
diabetes on CAPD, at the Prince of Wales
Hospital, Hong Kong Special Administrative
Region, which received ethical approval
(CREC-2020.365, NCT04776811). Participants
were diagnosed with type 1 or type 2 dia-
betes for at least 3 months, on CAPD for
at least 3 months, and aged 18–75 years
old; participants were excluded if they
had HbA1c >11%, peritonitis in the previ-
ous month or were on icodextrin PD solu-
tions (SupplementaryMethods).

Fasting plasma glucose, complete blood
count, hematocrit, liver and renal function
tests, and HbA1c were collected at screen-
ing. Dialysis adequacy was represented by
total urea clearance adjusted by the vol-
ume of distribution of urea (total Kt/V),
which was the sum of renal and peritoneal
urea clearance (peritoneal Kt/V) respec-
tively. On day 1, one Guardian Sensor 3
was inserted on the upper arm and paired
with the Guardian Connect app (Apple
iPhone XR) and calibrated at least 12 h us-
ing a Contour Plus (Ascensia Diabetes Care,
Switzerland) glucometer. Volume status
was determined by a bioimpedance spec-
troscopy device (Body Composition Moni-
tor, Fresenius Medical Care, Germany)
(11).

Participants were randomly allocated
to a single 8-h in-clinic measurement on
day 3 or day 5 in a 1:1 ratio. Venous
blood (1 mL) was sampled from an intra-
venous cannula and whole blood glucose
measured on the YSI 2300 STAT glucose
analyzer (Yellow Springs Instruments, Yel-
low Springs, OH) every 15–20 min for
8 h (33 time points per subject). Capillary
blood glucose was measured hourly.
Blood glucose was deliberately manipu-
lated via carbohydrate consumption and

insulin dosing with rapid-acting insulin
lispro (Humalog, Eli Lilly, Indianapolis,
IN) to achieve YSI sample measurements
within target glucose ranges between
60 and 350 mg/dL following a protocol-
specific guideline. Timing of CAPD ex-
changes, meals, and insulin doses were
recorded. Serum fructosamine, pH, and
urea were measured. For the remaining
time, participants used the Guardian
Connect system at home for up to 14 days,
with sensor replacement on day 7 ± 1 in
the upper arm. User satisfaction on Guard-
ian Connect with Guardian Sensor 3 was
evaluated using an 11-item questionnaire
(Supplementary Fig. 1).

The primary outcome was mean abso-
lute relative difference (MARD) between
CGM-plasma YSI glucose pairs during the
in-clinic session. This was estimated across
the full glycemic range and stratified by
glucose ranges. Secondary outcomes in-
cluded clinical accuracy by consensus error
grid analysis and agreement using the
%15/15, %20/20 criteria. MARD and agree-
ment were evaluated for in-clinic CGM-
SMBGpairs.We analyzed accuracy at differ-
ent rates of change (RoC) of plasma YSI glu-
cose. A true hypoglycemic detection was
considered if at least one CGM value was
below the threshold within 15 min of a hy-
poglycemic event (defined as a plasma YSI

Table 1—Participant characteristics

Variable Data value (N = 30)

Age (years) 64.7 ± 5.6

Sex

Male 23 (76.7)
Female 7 (23.3)

BMI (kg/m2) 25.4 ± 3.9

Weight (kg) 66.3 ± 13.6

Type 2 diabetes 30 (100)

Diabetes duration (years) 17.6 ± 8.0

CAPD duration (months) 16.2 ± 19.5

On dextrose 1.5% PD solution only 22 (73)

At least one bag of hypertonic PD solution (defined as
dextrose concentration $2.3%)

8 (27)

On insulin 19 (66.7)

On dipeptidyl peptidase 4 inhibitors 14 (46.7)

Total Kt/V 2.3 ± 0.66

Peritoneal Kt/V 1.2 ± 0.30

Dialysate-to-plasma creatinine ratio at 4 h 0.65 ± 0.14

Daily peritoneal glucose exposure (g/day) 96.0 ± 16.2

HbA1c (%) 7.1 ± 0.9

HbA1c (mmol/mol) 53.9 ± 10.4

Fasting plasma glucose (mmol/L) 8.1 ± 3.0

Albumin (g/L) 29.8 ± 3.5

Fructosamine (mmol/L) 275 ± 54.0

Albumin-adjusted fructosamine (mmol/g) 929 ± 198

Plasma creatinine (mmol/L) 673 ± 189

Hemoglobin (g/dL) 10.7 ± 1.3

Hematocrit (%) 32.2 ± 4.1

Urea (mmol/L) 23.1 ± 5.8

pH 7.39 ± 0.033

Volume of overhydration (L) 3.01 ± 1.61

Data are presented as mean ± SD or n (%).
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glucose of#3.9 mmol/L). A true hypergly-
cemic detection was considered as at least
one CGM value above threshold within

15 min of a hyperglycemic event (defined
as a plasma YSI glucose$10.0 mmol/L). A
true hypoglycemic alarm was considered if

the CGM alert was accompanied by at
least one YSI value #3.9 mmol/L within a
15-min window. A true hyperglycemic alarm

Insulin Protaphane HM (12 u)

1.5% Dextrose 2.3% Dextrose 2.3% Dextrose

Sensor Wear (per week) 87% (6d 03 h)
Average SG (SD) 7.7 (2.5) mmol/L
GMI 6.6% (48.7 mmol/mol)
Coefficient of Variation (%) 33.2%
Low/High SG Alerts (per day) 0.5/1.4
Average BG 9.1 (2.5) mmol/L
BG/Calibration (per day) 2.0 / 2.0
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1% Very high (> 13.9 mmol/L)

4% Low (< 3.9 mmol/L)

PD Exchange

1.5% Dextrose 2.3% Dextrose 2.3% Dextrose

Lunch (30 g carbohydrates)

Insulin lispro(6u)

Snack (10 g
carbohydrates)

A

B

Time (HH:MM:SS)

Figure 1—Example glucose profile illustrating the meal, insulin, PD exchange times, and doses during the 8-h in-clinic visit (A) and 14-day ambula-
tory glucose profile of the same patient (B). The patient was a 63-year-old woman, with HbA1c 7.4%, and on Protaphane HM 12 units prebreakfast
on a three-bag PD regimen of 2.3%, 2.3%, and 1.5% dextrose, with exchanges at 1000, 1800, and 2300 h. A: YSI plasma glucose is shown in the
solid line, CGM values are shown in the dotted line, and triangles are SMBG values. The maximum YSI glucose was 13.0 mmol/L at 1340 h and low-
est was 3.2 mmol/L at 1640 h. An additional 6 units insulin lispro was given during the glucose challenge. B: The 14-day ambulatory glucose profile
demonstrates asymptomatic hypoglycemia at 0700–0800 (4% time below range) and also hyperglycemic excursion peaking �2 h after hypertonic
PD exchange. The patient was subsequently switched to insulin glargine to prevent hypoglycemia.
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was considered if at least one YSI value was
above the threshold $10 mmol/L within
15 min of the alarm. Correlations between
MARD, pH, urea, and hydration parameters
were determined by Pearson correlation.
Data were analyzed using R 4.1.2 software (R
Core Team, 2021) (SupplementaryMethods).

Data and Resource Availability
Deidentified data are available from the
corresponding author upon reasonable
written request.

RESULTS

There were 30 participants enrolled be-
tween 8March 2021 and 15 August 2022,
and 29 completed the in-clinic session
(day 3, n = 14; day 5, n = 15). One partici-
pant was withdrawn prior to the YSI ses-
sion due to repeated sensor failure. A total
of 961 pairs of CGM-plasma YSI and 259
pairs of CGM-SMBG values were collected.
The average age was 64.7 ± 5.6 years, 77%
were men, diabetes duration was 17.6 ±
8.0 years, HbA1c was 7.1 ± 0.9%, and CAPD
duration was 16.2 ± 19.5 months. All used
glucose-containing PD fluids, with eight on
hypertonic solutions (at least one ex-
changes with dextrose concentration>1.5%)
(Table 1).Twenty-six participants completed
14-day sensor wear. Of those with >70%
valid CGM data (n = 22), time-in-range (TIR;
3.9–10.0 mmol/L) was 68.1 ± 20.1%, time
>10.0 mmol/L was 31.2 ± 20.8%, and time
<3.9 mmol/L was 0.7 ± 1.3%. Mean glu-
cose management indicator was 7.2 ±
0.6%, and the coefficient of variation was
26.4 ± 7.1%. Correlations between HbA1c
-glucose management indicator (r = 0.47)
and TIR-fructosamine (r = �0.34) were
moderate. Example glucose profiles dur-
ing in-clinic and home use are shown in
Fig. 1.

Overall, MARD of CGM-plasma YSI pairs
was 10.4% (95% CI 9.6, 11.2). The agree-
ment rates by %15/15, %20/20 criteria
were 81.3% (lower 95% CI 78.8) and
88.6% (86.6), respectively. In hypoglyce-
mic range <3.9 mmol/L, mean absolute
difference (MAD) of CGM-plasma YSI pairs
was 1.2 mmol/L (95% CI 0.86, 1.5) or
21.6 mg/dL (95% CI 16, 27) (Table 2). In
the full glycemic range, the percentage of
CGM-YSI pairs in zone A was 98.5% (n =
927) and in zone B was 1.4% (n = 13) of
the consensus error grid (Fig. 2). In hypo-
glycemia, 96.7% of CGM-plasma YSI pairs
were in zones A and B. The MARD for
CGM-SMBG pairs was 9.3% (95% CI 8.3,
10.3) (Supplementary Table 1). TheMARD
was 10.7% (9.7, 11.7) at a negative RoC
and 9.1% (95% CI 8.0, 10.1) at a positive
RoC (Supplementary Table 2). The correct
detection rates for hyperglycemic events
were 96.5% (301 of 312 events) and 60%
for hypoglycemic events. The true alarm
rate for hyperglycemic alarm was 94.9%
(n = 334) and was 100% (six of six events)

for hypoglycemic alarms (Supplementary
Table 3).

No significant correlations were ob-
served between MARD of CGM-plasma
YSI pairs with pH level, plasma urea, ex-
tracellular water volume, and relative hy-
dration index. (Supplementary Table 4).
Mild bruising occurred at the sensor site
in two patients and discomfort at the sen-
sor site in one patient, which led to pre-
mature termination on day 9. There were
four other nonsevere adverse events un-
related to the device. Overall user satis-
factionwas high (Supplementary Table 5).

CONCLUSIONS

To our knowledge, this was the first study
that evaluated the accuracy and perfor-
mance of a contemporary real-time CGM
device in PD patients with diabetes. Our
study showed that the Medtronic Guard-
ian Sensor 3 was accurate, with an overall
MARD of 10.4%. Consensus error grid
analysis revealed that nearly all (99.9%)

Table 2—Percent agreement and MARD/MAD between CGM-YSI plasma glucose pairs across glycemic ranges

Paired CGM-
plasma YSI
readings (n) % (95% CI)

%15/15
(%, lower 95% CI)

%20/20
(%, lower 95% CI)

%30/30
(%, lower 95% CI)

%40/40
(%, lower 95% CI)

MARD
Overall 941 10.4 (9.6, 11.2) 81.3 (78.8) 88.6 (86.6) 96.9 (95.8) 98.8 (98.1)
Euglycemic range

(3.9–10 mmol/L)
600 10.7 (9.7, 11.7) 79.5 (76.3) 88 (85.4) 96.2 (94.6) 98.5 (97.5)

Hyperglycemic range
(>10 mmol/L)

311 7.4 (6.9, 8.1) 88.7 (85.2) 93.9 (91.2) 99.7 (99.0) 100 (100)

MAD mmol/L (95% CI)

Hypoglycemic range
(<3.9 mmol/L)

30 1.2 (0.86, 1.5) 40 (21.4) 46.7 (27.7) 83.3 (69.2) 93.3 (83.9)

Figure 2—Consensus error grid analysis of glucose values ofMedtronic Guardian Sensor 3 vs.YSI plasma
glucose values in the full glycemic range (pooled data for 30 patients with 941 YSI-CGMpairs).
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CGM-YSI pairs fell into zone A1B. Impor-
tantly, the accuracy of the sensor was not
influenced by acidosis, urea concentra-
tion, and volume overload.
The Medtronic Guardian Sensor 3 pro-

vided accurate glucose readings in pa-
tients with type 1 or 2 diabetes without
ESKD (MARD 9.1 ± 8.34% on the arm)
using YSI as a reference (12), which was
comparable to our results in PD. In other
studies, the overall MARD was 13.8%
compared with SMBG (n = 684) when a
factory-calibrated CGM (Dexcom G6-Pro)
was evaluated in 20 HD patients (6). Sim-
ilarly, in a multicenter study in Japan,
FreeStyle Libre was significantly lower
than capillary glucose, with MARD of
23.4% in HD (7). Direct comparisons be-
tween dialysis modalities may be difficult
given significant glucose fluctuations in the
intradialytic milieu during HD (13). Limited
available evidence in patients on PD re-
vealed that MARD of CGM was �15–20%
(9,10). Nonetheless, most, if not all, of the
previous studies used SMBG as a reference
standard, in contrast to YSI in our study.
Calibration requirements and sensor sites
may also explain differences between our
results and prior reports.
Our major strength is use of YSI as the

gold standard reference for assessment of
CGM accuracy. We captured a wide range
of glucose levels with diet/insulin manipula-
tion while maintaining the patients’ usual
PD regimen to mimic real life. Moreover,
we examined several renal-specific factors,
such as volume status by bioimpedance,
on sensor performance.
Our study had a few limitations. First,

the sample size was relatively small
compared with sensor evaluation stud-
ies for regulatory approval. Neverthe-
less, the number of matched pairs (941
CGM-YSI pairs) was larger than most
studies on dialysis (6,8,14). We captured
a limited number of CGM-YSI data pairs
(3.4%) in hypoglycemic range due to
ethical and safety concerns. In this study,
the correct hypoglycemic detection rate
was 60%, and patients should perform
confirmatory SMBG where sensor glucose
does not match with symptoms, bearing
in mind the Guardian Sensor is only ap-
proved for adjunctive use. We did not
perform head-to-head comparisons versus
other sensors or against an age- or sex-
matched non-ESKD control group. Lastly,
patients on icodextrin were excluded due
to possible sensor interference with ico-
dextrin metabolites.

In conclusion, we showed the Medtronic
Guardian Sensor 3 was accurate and reliable
across a wide range of glucose levels in PD
patients with diabetes. Real-time CGM may
facilitate detection of asymptomatic glucose
excursions related to hypertonic exchanges
(15). Future studies will investigate whether
optimization of CGM-based metrics will im-
prove clinical outcomes in PD.

Acknowledgments. The authors would like to
thank Cherry Chiu, Phyllis Cheng, and Sharon
Kwong (Department of Medicine and Therapeu-
tics, The Chinese University of Hong Kong) for
assisting with the study and all study partici-
pants for their dedication and effort.
Funding. This study was supported by an
investigator-initiated study grant under the Med-
tronic External Research Program ERP-2020-12226.
A.O.Y.L. has received support from the Asia Diabe-
tes Foundation. The authors acknowledge the sup-
port of the Health and Medical Research Fund
Commisionned Program for Phase 1 Clinical Trial
Centre (Novel Drugs-CUHK), the Food and Health
Bureau, Hong Kong SAR.

The funder had no role in the design, collec-
tion of data, data analysis or interpretation, or
writing of the manuscript. The funder reviewed
the final manuscript but had no role in the final
decision to submit the article for publication.
Duality of Interest. E.C. has received institutional
research support and/or speaker fees from Bayer,
Hua Medicine, Merck KGaA, Medtronic Diabetes,
Power Pharmaceuticals, Inc., and Sanofi. A.O.Y.L.
has served as a member of advisory panel for
Amgen, AstraZeneca, Boehringer Ingelheim, and
Sanofi and received research support from Amgen,
Bayer, Boehringer Ingelheim, Lee’s Pharmaceutical,
MSD, Novo Nordisk, Roche, Sanofi, Sugardown Ltd,
and Takeda. None of these relationships had any
influence on the content of the present manu-
script. R.C.W.M. has received research funding
from AstraZeneca, Bayer, Merck Sharp & Dohme,
Novo Nordisk, Pfizer, and Tricida, Inc. for performing
clinical trials and has received speaker honorarium
or consultancy in advisory boards from AstraZeneca,
Bayer, and Kyowa Kirin. J.C.N.C. has received re-
search grants and/or honoraria for consultancy or
giving lectures from Applied Therapeutics, Astra-
Zeneca, Bayer, Boehringer Ingelheim, Eli Lilly,
Hua Medicine, Lee Powder, Merck Serono, Merck
Sharp & Dohme, Pfizer, Servier, Sanofi, and Viatris
Pharmaceutical. All proceeds have been donated
to the Chinese University of Hong Kong to support
diabetes research. No other potential conflicts of
interest relevant to this article were reported.
Author Contributions. J.K.C.N., J.L., and E.C.
contributed to conception of the article, data
collection, statistical analysis, interpretation of
results, and drafting, revision, and approval of
the manuscript. A.O.Y.L., E.S.H.L., R.C.W.M., P.K.T.L.,
C.C.S., and J.C.N.C. contributed to data analysis
and interpretation of results, critically revised the
manuscript, and approved the final version. E.C.
is the guarantor of this work and, as such, had
full access to all the data in the study and takes
responsibility for the integrity of the data and the
accuracy of the data analysis.

Prior Presentation. Parts of this study were
presented as a poster presentation at the 16th
International Conference on Advanced Technologies
& Treatments for Diabetes (ATTD 2023), Berlin,
Germany, 22–25 February 2023.

References
1. Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney
disease: challenges, progress, and possibilities. Clin
J Am Soc Nephrol 2017;12:2032–2045
2. Li PK-T, Lu W, Mak S-K, et al. Peritoneal dialysis
first policy in Hong Kong for 35years: global impact.
Nephrology (Carlton) 2022;27:787–794
3. Marshall J, Jennings P, Scott A, Fluck RJ,McIntyre
CW. Glycemic control in diabetic CAPD patients
assessed by continuous glucose monitoring system
(CGMS). Kidney Int 2003;64:1480–1486
4. Ling J, Ng JKC, Chan JCN, Chow E. Use of
continuous glucose monitoring in the assessment
and management of patients with diabetes and
chronic kidney disease. Front Endocrinol (Lausanne)
2022;13:869899
5. Kidney Disease: Improving Global Outcomes
(KDIGO) Diabetes Work Group. KDIGO 2020 clinical
practice guideline for diabetesmanagement in chronic
kidney disease. Kidney Int 2020;98(Suppl.):S1–S115
6. Villard O, Breton MD, Rao S, et al. Accuracy of
a factory-calibrated continuous glucose monitor
in individuals with diabetes on hemodialysis.
Diabetes Care 2022;45:1666–1669
7. Toyoda M, Murata T, Saito N, et al. Assessment
of the accuracy of an intermittent-scanning con-
tinuous glucosemonitoring device in patients with
type 2 diabetes mellitus undergoing hemodialysis
(AIDT2H) study. Ther Apher Dial 2021;25:586–
594
8. Yajima T, Takahashi H, Yasuda K. Comparison
of interstitial fluid glucose levels obtained by
continuous glucose monitoring and flash glucose
monitoring in patients with type 2 diabetes
mellitus undergoing hemodialysis. J Diabetes Sci
Technol 2020;14:1088–1094
9. G�omez AM, Vallejo S, Ardila F, et al. Impact of
a basal-bolus insulin regimen onmetabolic control
and risk of hypoglycemia in patients with diabetes
undergoing peritoneal dialysis. J Diabetes Sci
Technol 2018;12:129–135
10. �Olafsd�ottir AF, Andelin M, Saeed A, et al.
Performance of Dexcom G5 and FreeStyle Libre
sensors tested simultaneously in peoplewith type 1 or
2 diabetes and advanced chronic kidney Boehringer
isease.World J Clin Cases 2022;10:7794–7807
11. Ng JK, Li PK. Fluid management and bio-
impedance study in peritoneal dialysis. Curr Opin
Nephrol Hypertens 2019;28:58–64
12. Christiansen MP, Garg SK, Brazg R, et al.
Accuracy of a fourth-generation subcutaneous
continuous glucose sensor. Diabetes Technol Ther
2017;19:446–456
13. Abe M, Kalantar-Zadeh K. Haemodialysis-
induced hypoglycaemia and glycaemic disarrays.
Nat Rev Nephrol 2015;11:302–313
14. Genua I, S�anchez-Hernandez J, Mart�ınez MJ,
et al. Accuracy of flash glucose monitoring in
patients with diabetes mellitus on hemodialysis
and its relationship with hydration status. J
Diabetes Sci Technol 2021;15:1308–1312
15. Lee SY, Chen YC, Tsai IC, et al. Glycosylated
hemoglobin and albumin-corrected fructosamine
are good indicators for glycemic control in peritoneal
dialysis patients. PLoSOne 2013;8:e57762

diabetesjournals.org/care Ng and Associates 1195

https://diabetesjournals.org/care

